Hydrogen exchange rates have become a valuable probe for studying the relationship between dynamics and structure and for dissecting the mechanism by which proteins fold to their native conformation. Typically measured rates correspond to averages over all protein states from which hydrogen exchange can occur. Here we describe a new NMR experiment based on chemical exchange saturation transfer that provides an avenue for obtaining uncontaminated, per-residue amide hydrogen exchange rates for interconverting native and invisible states so long as they can be separated on the basis of distinct 15 N chemical shifts. The approach is applied to the folding reaction of the Fyn SH3 domain that exchanges between a highly populated, NMR-visible native state and a conformationally excited, NMR-invisible state, corresponding to the unfolded ensemble. Excellent agreement between experimentally derived hydrogen exchange rates of the excited state at a pair of pHs is obtained, taking into account the expected dependence of exchange on pH. Extracted rates for the unfolded ensemble have been used to test hydrogen exchange predictions based on the primary protein sequence that are used in many analyses of solvent exchange rates, with a Pearson correlation coefficient of 0.84 obtained.
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amide exchange with solvent | conformationally excited protein states | protein folding T he energy landscape of a protein is a multidimensional surface composed of many local minima in addition to the global minimum that is the native conformation (1, 2) . An understanding of the relation between protein structure, dynamics, and function is predicated, therefore, on an analysis of the various conformational states that populate the minima on the landscape. This requires detailed structural and dynamics studies of each of the conformers and quantification of their relative energies as well as the kinetics of exchange between them. Biophysical techniques such as X-ray diffraction and NMR spectroscopy are available for obtaining detailed structural information on the molecules populating the lowest-energy regions of the landscape, providing insight into the structure-function paradigm for a great number of proteins. However, it is becoming increasingly well understood that studies of the ground states of proteins are not sufficient. Additional states that can be sparsely populated and transiently formed, referred to as excited states in what follows, are often important for processes that include molecular recognition, ligand binding, enzyme catalysis, and folding (3) (4) (5) (6) (7) (8) (9) . Detailed studies of such excited states are, however, challenging because they are not "visible" to standard biophysical methods and as a consequence atomic resolution information is lacking.
Recent developments in solution NMR spectroscopy are changing this paradigm by providing an avenue for quantifying excited states at a level of detail that has typically only been possible in studies of highly populated native protein conformers (10) . Backbone 1 H, 13 C, and 15 N chemical shifts for invisible protein states can now be measured so long as they are populated at levels of 0.5% or higher and exchange with an NMR visible state with rates on the order of approximately 100 to several thousand per second (10) (11) (12) . These chemical shifts have, in turn, been used along with database computational approaches to generate atomic resolution models of excited states (7, 13, 14) , providing detailed insights into a range of biochemical processes. It is now possible in some cases to measure scalar and residual dipolar couplings that, in turn, provide additional structural insights (15) . Further advances have led to the measurement of side-chain 13 C and 1 H chemical shifts in invisible states (16) (17) (18) that can be sensitive to hydrophobic contacts in these rare conformers. Experiments for quantifying pico-to nanosecond time-scale side-chain dynamics have also emerged (19) , showing in some cases large differences in motion between ground and excited states that directly relate to function (20) .
Although the tool kit of NMR experiments for studying rare protein conformers is expanding, it remains significantly smaller than that for highly populated states, and there is a continuing need for the development of further methodologies. Notably absent from the tool kit is an approach for measuring hydrogen exchange rates in excited-state protein conformers. Ever since the pioneering work of Linderstrøm-Lang in the 1950s it has been recognized that the rates of exchange of amide hydrogens with solvent protons are important site-specific parameters of protein structure and dynamics (21) . More recently, amide hydrogen exchange measurements have been used to investigate regions of local protein disorder, folding/unfolding processes, hydrogen bonding, allostery, and ligand binding (22) (23) (24) . NMR spectroscopy has emerged as a primary tool for quantifying amide hydrogen exchange rates, k H-EX , on a per-residue basis. However, because the overall transfer of hydrogens from solvent is measured,
Significance
Site-specific rates of exchange of amide hydrogens with solvent protons are important parameters for characterizing protein structure and dynamics, providing insight into a range of biomolecular processes. In typical hydrogen exchange experiments, measured rates reflect exchange from all accessible states of a protein. Here we describe an NMR approach for measuring exchange rates in sparsely populated, transiently formed conformational states that interconvert with a highly populated and long-lived ground state. An application to a protein folding reaction of the Fyn SH3 domain is provided to illustrate the methodology, establishing that robust measures of hydrogen exchange are obtained both for the ground, native state and the invisible, unfolded state that are uncontaminated by the folding exchange process.
the extracted rates often contain contributions from all of the exchange-accessible states of the protein (25) (26) (27) . This is the case for H-D exchange experiments where time-dependent intensity changes of NMR signals are measured to extract k H-EX (22) , as well as experiments that perturb the water signal and quantify the perturbation at exchangeable amide sites (26) . Similar bulk measures of k H-EX are obtained using other methods as well (28) , from which insight into a particular excited state can often only be inferred. Herein we describe an approach by which site-specific hydrogen exchange rates of amides in individual states along the energy landscape can be obtained for a protein system at equilibrium and under native conditions. An application to the folding reaction of the G48A Fyn SH3 domain is provided, where k H-EX values of the native conformation (ground state) and an excited state (unfolded ensemble) are measured. Because exchange rates are quantified by measurement of intensities of cross-peaks in NMR spectra of the ground state, the method is sensitive to k H-EX values as large as several hundred per second for the excited state. The measurement of "pure" k H-EX values provides a powerful new approach for understanding the dynamical properties of excited protein states.
Results
Description of the Method. The approach for obtaining "pure" k H-EX values can be understood by first considering an analogy with the well-known dependence of NMR lineshapes on the chemical exchange rate (11) (Fig. 1A) . Consider a two-site exchanging system, G ! kGE kEG E, where G and E denote the interconverting ground and excited states, respectively, k ex = k EG + k GE is the rate of exchange between the two, and the fractional population of each conformer is assumed equal, p G = p E = 0.5. In Fig. 1A the spectrum derived from a spin exchanging between two sites is highlighted, with a chemical shift difference (radians per second) for the spin in each state of Δω EG = ω E -ω G . For jk ex /Δω EG j<< 1 a pair of peaks is observed at the resonance frequencies of the spins in the absence of exchange. Fig. 1A , as k H-EX becomes on the order of 2πjJ HN j the multiplet components converge into a single broad peak that then sharpens as the exchange rate increases, resulting in a single decoupled line. Bodenhausen and coworkers have exploited this effect to quantify rapid hydrogen exchange rates in proteins (29) . The situation is more complex in the case of the exchanging systems considered in this work because the populations of the interconverting states are highly skewed, p E <<p G , so that it is not possible to directly observe and hence quantify the positions of multiplet components for state E that in principle could provide the desired exchange rates.
The spectrum of the excited state can, however, be recorded indirectly through the use of chemical exchange saturation transfer (CEST) (30, 31) . Here a set of 2D 15 N-1 HN spectra are obtained whereby a weak 15 N rf field is applied during a delay when the magnetization of interest ( 15 N) is longitudinal. At each position of the rf field a separate spectrum is recorded and the intensity of each correlation of the ground state, I, plotted as a function of rf offset, normalized to the intensity in the absence of the field, I b . If the field is applied at the resonance position of a spin in the ground state then I decreases to zero, owing to a well-known saturation effect. Similarly, when the rf field is proximal to the resonance position of a nucleus in state E the perturbation is transferred to the corresponding spin in G via chemical exchange, leading to a decrease in I again. Thus, a pair of dips is observed in a typical CEST profile, with the largest (smallest) at the resonance position of the spin in the ground (excited) state. Because the intensities of ground-state correlations are measured, the effect is to amplify peaks from the excited state so that they become observable, leading to a CEST profile that connects ground and excited state correlations.
SI Appendix, Fig. S1 illustrates the NMR experiment that has been used to measure amide hydrogen exchange rates in ground and invisible excited protein states. The details are discussed in SI Appendix. Briefly, the flow of magnetization can be summarized as follows:
where , p E = 5%, T EX = 300 ms, B 1 = 14.4 Hz, Δω EG = −2,000 rad/s, B o = 14.0 T were used in the simulations, along with identical motional parameters for G and E states of τ e = 10 ps, E with k ex = 120 s 
where ρ TR and ρ A-TR are the self relaxation rates of the 15 (Fig. 1B, Right) . That such large values of k E can be measured reflects the fact that the observed signal derives from ground-state correlations. By contrast, as k G increases significantly the overall sensitivity of the experiment becomes adversely affected, as is the case in any amide-detection experiment as exchange rates with water become large.
A further set of simulations was performed to establish the range of k E values that can be optimally detected with this technique, Fig. 2 B-D , assuming k ex = 120 s sensitive to k E values that are centered at ∼100 s −1
. To quantify this further we have calculated
which provides a measure of the sensitivity of a CEST profile to the fractional change in k E . In Eq. 3 the summation is over all 15 N frequencies, v, in the CEST profile (i.e., each point of the CEST curve), f CEST (v) is the value of the profile at v, q E = log 10 (k E ) and 2« corresponds to a small increment in q E . Fig.  2C An Application to a Protein Folding Reaction. The Fyn SH3 domain is a small 60-residue module that plays an important role in protein recognition involved in a range of signaling events (34) . The G48A mutant has been shown previously to interconvert on the millisecond timescale between a long-lived, highly populated native state and a transiently formed, sparsely populated unfolded ensemble, the latter invisible to traditional NMR experiments (35) . Fig. 3 shows 15 N TROSY CEST traces of four residues recorded at pH 7.7 and 8.4, where small dips corresponding to the excited state are clearly observed. The expected approximately fivefold increase in solvent exchange rates in the excited state from pH 7.7 to 8.4 leads to a pH-dependent change in the dips derived from the sparsely populated conformer. For example, at pH 7.7 an anti-TROSY dip is not observed for Leu7 of the excited state; the dip is apparent, however, at pH 8.4, which reflects the increase in k E and hence the more rapid flux through
Z . Asp9 and Glu11 have profiles similar to that of Leu7; however, the anti-TROSY dips of Asp9 are larger owing to the approximate factor of two increase in k E for this residue. Notably, Ser52 shows an anti-TROSY dip already at pH 7.7, whereas at pH 8.4 a "decoupled" dip that results from rapid exchange is observed.
All TROSY CEST profiles have been fitted using the BlochMcConnell equations (36) for a two-spin system exchanging between a pair of magnetically distinct sites (SI Appendix). Values of p E , k ex , and Δϖ EG obtained from 1 HN-decoupled 15 N CEST profiles (31), which are not sensitive to solvent exchange, have been used as fixed parameters in the analysis. Examples of data fits are shown in Fig. 3 (solid lines) that are typical for the present study, and the excellent agreement with experimental data (circles) is clear.
As Table S1 ). In cases where the effects of cross-relaxation are expected to be larger, they can be minimized by using highly deuterated proteins, which also has the benefit of improving the sensitivity of the experiment. Additionally, separation of exchange and dipolar relaxation contributions can be achieved from analysis of datasets recorded at two or more pH values, assuming that the structures of the interconverting states do not change with pH (27) . 0.67 that minimizes the differences in measured hydrogen exchange rates at the two pHs. In the analysis of the 15 N TROSY CEST profiles we have fit all residues, irrespective of the magnitude of the Δϖ EG value. It is clear that for small Δϖ EG values, where the overlap between ground and excited state dips is extensive, the accuracy of the extracted k m values will be compromised because lineshape fitting becomes difficult. We were interested in establishing an approximate minimum Δϖ EG value for which this occurs. In Fig. 4A k ðEÞ H−EX values are color-coded according to Δϖ EG and the outliers correspond to shift differences of less than 1 ppm. Further, experiment (Fig. 4A , blue circles) and simulations (SI Appendix, Fig. S3 ) establish that for Δϖ EG ≥ 1 ppm robust measures of exchange rates are obtained from analysis of CEST profiles recorded at a static magnetic field strength of 14 T. It is anticipated that this threshold (1 ppm) will decrease as experiments are recorded at higher magnetic fields. deviate somewhat for H21, K22, and G23 ( Fig. 4B and SI Appendix, Table S1 ), which may reflect the fact that the titration of the sidechain of H21, the lone histidine residue in the protein, is not complete by pH 7.7, potentially affecting backbone hydrogen exchange rates in the vicinity of this residue. Fig. 4E shows a ribbon diagram of the structure of the Fyn SH3 domain highlighting regions that are protected from exchange based on extracted k G H−EX values at pH 8.4 (green) and those that are exposed (red). Interestingly, many residues in the long RT-Src loop are protected, consistent with a well-defined structure for the loop that is further confirmed by high backbone order parameters (37) that report on the amplitudes of motion.
Discussion
The hydrogen exchange method, originally conceived by Linderstrøm-Lang over 50 y ago, has become popular in protein science for addressing important questions relating structure with function and for probing the mechanism of protein folding (38) . Traditional hydrogen exchange measurements often report bulk exchange rates with solvent that include contributions from all accessible states of a protein (25) . Thus, in the case where the exchange between states, j, is fast compared with hydrogen exchange rates in j, k j H−EX , k H−EX ≈ P j f j k j H−EX is measured for the exchange rate, as probed via some property of the native state (such as peak intensities in NMR or mass in mass spectrometry studies), where f j is the fractional population of state j. Although under native conditions the population of the native state dominates, other more sparsely populated conformers can contribute significantly to k H−EX because they are significantly less protected from hydrogen exchange. The relative contributions from each state j can be manipulated via changes to f j through the addition of denaturants, as is typically done in native-state hydrogen exchange experiments (24, 38, 39) . These measurements have been shown to be powerful for detecting and characterizing folding intermediates and have contributed greatly to our understanding of the mechanism of protein folding. However, averages of rates over all accessible states are still obtained for each condition examined, and it is often difficult to obtain parameters that report on the specific properties of each of the interconverting states.
Herein we describe a 15 N TROSY CEST-based NMR experiment that separates exchange rates from states that can be distinguished on the basis of differences in chemical shifts. The advantages of using this type of experiment over a non-TROSY CEST-based NMR scheme are discussed in SI Appendix, Fig. S4 . By means of example, we consider a G48A Fyn SH3 domain that exchanges between a folded conformation and an unfolded ensemble, with the latter too sparsely populated to be detected by traditional NMR methods. However, because separate 15 N chemical shifts can be measured for the native and unfolded states in CEST experiments, k H−EX values can be obtained on a site-specific basis for each. It is worth noting that in the case where a "state" corresponds to an average over multiple conformers that interconvert rapidly on the NMR chemical shift timescale the measured k H−EX values would correspond to a weighted average over exchange rates in the ensemble.
Measured hydrogen exchange rates are often recast in terms of site-specific protection factors (PF), where PF = k int =k H−EX and k int is the predicted intrinsic exchange rate that takes into account the primary amino acid sequence and the conditions of the experiment. A simple hydrogen exchange scheme originally pictured by Linderstrøm-Lang (21) values at pH 7.7 with predicted hydrogen exchange rates of the unfolded G48A Fyn SH3 domain computed using the program SPHERE (40, 41) (www.fccc.edu/research/labs/ roder/sphere/). The predicted rates have been scaled by a single multiplicative factor (0.6) to best match experiment and the level of agreement is reasonably high (R = 0.84). Predicted values (without scaling) are approximately a factor of two higher than those measured, corresponding to an error in ΔG of ∼0.4 kcal/mol. Although the difference could be explained by the fact that there is residual structure in the unfolded ensemble that provides a small level of protection from hydrogen exchange, the excellent agreement between measured chemical shifts and those predicted assuming an unfolded random coil-like structure (16) argues against this interpretation. It may be that some of the difference results from compaction of the unfolded Fyn SH3 domain, which leads to , and gray highlights residues whose rates could not be quantified or jΔϖ EG j < 1 ppm.
a small attenuation of exchange rates over what is predicted from a random coil.
In summary, we have presented a CEST-based NMR approach for quantifying hydrogen exchange rates in invisible excited protein states, so long as they have 15 N chemical shifts that are distinct from the highly populated native state. The predicted exponential scaling of k H−EX with pH has been observed both for the native and unfolded ensembles of the Fyn SH3 domain, and a very high level of agreement is obtained between hydrogen exchange rates at pH 7.7 and 8.4 when scaled for the pH difference. A series of simulations shows that the method is most sensitive to k E H−EX rates ranging from ∼40 s −1 to 1,000 s −1 and as with other CEST experiments for k ex between ∼50-500 s −1 (16, 31) . Notably, the approach provides an avenue for obtaining pure measures of hydrogen exchange rather than bulk rates that are typically recorded in most experiments. It is anticipated that the methodology will be particularly useful in studies of excursions from native-state conformations that often involve formation of transient, partially folded states (7, 14) . As such it is a valuable addition to the toolbox of NMR experiments for studying sparsely populated protein conformers whether they be involved in protein folding or in other important biological processes.
Materials and Methods
15 N-labeled G48A Gallus gallus Fyn SH3 domain was expressed and purified as described before (16) . The NMR sample comprised ∼1.5 mM protein dissolved in 50 mM sodium phosphate, 0.2 mM EDTA, and 10% D 2 O/90% H 2 O (vol/vol). To measure pH-dependent changes of hydrogen exchange rates the pH of the NMR sample was adjusted to either 5.65, 7.65, or 8.38 by buffer exchange, with the same salt concentrations in each case. Experimental details and analysis of CEST profiles (including relevant equations) are provided in SI Appendix. The software used for data analysis is available from the authors upon request.
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